Molecular tools are crucial in the conservation management of small populations, but they have rarely been used for conservation of threatened plants, especially in the Tropics. Next-generation sequencing allows realistic access to detailed measurements of genetic diversity even in the rarest species. We used 12 170 genomic markers to investigate dynamics in the total population of Zingiber singapurense, one of the rarest well-surveyed herbs in South-East Asia. The markers were used to estimate the population size and to identify pedigrees in the population and introgression with closely related species. This diploid species is strongly clonal with only 13 genetically distinct individuals. The clones included only one probable sibling pair and no observed parent-offspring pairs except for a single hybrid, but the inferred effective population size was 150 individuals. The surviving individuals are ancient relicts without any evidence of recent reproduction. Clonal reproduction, great age and lack of sexual reproduction have protected the species from inbreeding, which is surprising for a small, superficially delicate herb. Similar situations may explain the observed survival of many species in small populations in Singapore. The best conservation interventions are discussed, but more information is needed on the factors that limit reproduction in this species.
INTRODUCTION
Small populations suffer in various ways from the consequences of a reduced gene pool. They are subject to loss of allelic diversity over generations due to stochastic events (Shaffer, 1980; Loveless & Hamrick, 1984; Lande, 1988; Lande & Shannon, 1996) , which leads to increased homozygosity in loci and measurable negative effects on the fitness of the populations (Reed & Frankham, 2003; Hoffman et al., 2014 ; but see Bateson et al., 2016) .
However, historically small populations may have developed resistance to the above negative effects. If allelic diversity has been small for several generations, as is the case in populations that have expanded after a bottleneck event, further reduction in population size may not measurably reduce allelic diversity; for example, even sequential translocations did not further reduce the allelic diversity of a bird (Philesturnus carunculatus carunculatus) that had suffered previous bottleneck events (Taylor & Jamieson, 2008) . In addition, small populations deal with the loss of allelic diversity by genetic purging: rare alleles that are harmful are more likely to be lost from small populations because such alleles are often expressed in increasingly homozygous individuals (Crnokrak & Barrett, 2002) . Genetic purging takes many generations, and it is risky to mimic this process artificially (Henrick, 1994) . Therefore, if population decline is rapid, retention of allelic richness may conversely reduce fitness as harmful alleles are not culled through genetic purging. Conservation efforts may therefore be simplified in populations that have been small for several generations and which now display reduced levels of allelic diversity.
Other genetic factors of conservation concern are independent of genetic diversity. For example, small populations are more susceptible to potentially detrimental effects of introgression seen in more common species due to, for example, pollen swamping and changes in pollinator composition, particularly when human activities have broken down ecological barriers (Levin, Francisco-Ortega & Jansen, 1996; Rhymer & Simberloff, 1996; Wolf, Takebayashi & Rieseberg, 2001) .
Conservation genetics has practical implications for conservation planning, and population genetics tools are particularly important in managing species with small populations. However, the analytical tools for small populations have been limited until recently. Insufficient marker data may be particularly problematic in small, potentially inbred populations (Andrews et al., 2016) . In recent years, restriction enzyme-associated DNA sequencing (RADseq) methods have become widely applied in population genetics, and they offer the possibility of collecting many data with few project-specific methodological modifications. Libraries with restriction enzyme-associated DNA markers offer access to a wealth of genetic data and allow detailed, reproducible pedigree analyses and measurements of inbreeding and population differentiation.
Despite the importance of population genetics in supporting species conservation, detailed work is only available for a few plant species that have a very small global population (Travis, Maschinski & Keim, 1996; Zawko et al., 2001) . New population genetics tools are likely to change this soon, even though there are no published studies on small populations using RADseqbased methods.
In this study we use double digest RADseq (ddRAD)-derived single nucleotide polymorphisms (SNPs) to guide the conservation planning for an extremely rare stenoendemic herbaceous plant. Zingiber singapurense Škorničk. is a distinct species described recently from Singapore (Leong-Škorničková, Thame & Chew, 2014) with a preliminary conservation assessment. The species may have once occupied a larger range in Singapore and adjacent Peninsular Malaysia, but no historical collections of the species exist. We have assumed that it is a diploid, sexually reproducing species, but this has not been tested. The current range only includes minute primary forest fragments in Singapore, where only 0.28% of primary forests remain (Yee et al., 2011) . The total population size has not been measured, and the species produces clonal plantlets along vegetative stems (Leong-Škorničková et al., 2014) , which makes clump counts an unreliable measure of population size. Leong-Škorničková et al. (2014) , however, estimated the population size to be < 50 individuals. Due to its rarity and small range, the species was proposed as Critically Endangered locally and globally using IUCN Red List criteria (LeongŠkorničková et al., 2014) . Zingiber singapurense is possibly one of the rarest organisms in South-East Asia, and the remaining wild populations must be managed carefully to maintain a viable total population.
The species is a target of a conservation programme at Singapore Botanic Gardens, where it is propagated in a nursery setting to maintain its population ex situ and to provide material for reintroductions. Currently the conservation of Z. singapurense is hindered by a lack of knowledge of effective and genetic population size, genetic variation and introgression. Given its small population size, the species is well suited to an analysis of the total population to test the dynamics and relationships in the extant population, allowing the identification of individuals of high conservation priority and the reconstruction of pedigrees for planning a breeding programme and estimation of effective population size by sibship assignment. Pedigree information has been widely used in conservation of animal population studies (Ivy et al., 2016) , but to our knowledge it has never been used with plants, despite the obvious advantages it offers in managing small populations. RADseq-derived SNPs are excellent markers for pedigree analyses (Hauser et al., 2011) , even though the number of available analytical programs for this type of data remains low; in particular, exclusionbased methods, which offer a robust estimation of parent-offspring relationships, are poorly fitted for SNP data. We combined likelihood-based methods with manual exclusion-based parentage analyses for a full pedigree analysis of this species. We have observed probable hybrids between Z. singapurense and the closely related, but more abundant and widespread Z. puberulum Ridl., and we estimated the extent of introgression between the two species.
MATERIAL AND METHODS
As part of a wider study on native Zingiberales, we conducted extensive targeted surveys in all forested habitats (primary and mature secondary forest patches) in Singapore during 2015 (Niissalo et al., 2017) . We estimate to have recorded all or nearly all plants of Z. singapurense, which appears to be limited to primary forests that were fully surveyed. We counted the plants as 'colonies' (a continuous cluster of stems, varying in size from 2.7 m 2 to c. 90 m 2 ) and 'subpopulations' (groups of colonies removed from any other colony by at least 500 m). Only two subpopulations had more than one colony. Previously known colonies (seven colonies in three subpopulations) were recorded by JL-Š, and the others were discovered during our surveys.
The study covered the entire range of Z. singapurense. The species is only known from two nature reserves, the Bukit Timah Nature Reserce (BTNR) and Central Catchment Nature Reserve (CCNR), both in central Singapore (Fig. 1) .
We collected and marked samples from each colony, and recorded the location of the colonies with a handheld GPS. Several leaves were collected across the width and length of each colony, ensuring that two to five such samples (depending on the size of the colony) were collected at least 1 m apart. In addition, we collected samples from all individuals showing morphological signs of being potential hybrids between Z. singapurense and Z. puberulum. Potential hybrids were identified using indumentum characters and were photographed. Potential hybrids were collected near two colonies. We also included samples of nearby individuals of Z. puberulum. The samples were cleaned and dried in the laboratory on the day of collection following the method described by Wilkie et al. (2013) , and dried samples were stored in a laboratory. In total, we collected 56 samples from 12 colonies and five subpopulations in the two nature reserves. Subpopulations were given names corresponding to the locations where they were found (Bukit Timah, Lornie, MacRitchie, Seletar and Shinto, Fig. 1 ). Collection details (including voucher information) are provided in Table 1 .
Ploidy was determined by counting chromosomes from root tips using a squash technique adapted from Leong-Škorničková et al. (2007) . After fixation, we used a 30-s softening at 60 °C using one part 1 M HCl to three parts 45% glacial acetic acid and chromosomes were stained in 2% lactopropionic orcein for > 20 min. Due to limited root material, chromosome numbers were determined from three complete spread mitotic plates.
We prepared a gene library with 56 samples from all 12 colonies. This number includes samples that were suspected to be of hybrid origin and seven samples of Z. puberulum. Extraction was done using the DNeasy Plant Mini Kit (Qiagen) following the manufacturer's protocol with two additional washes with 70% ethanol. We used the genome of the closest fully sequenced relative, Musa acuminata Colla (D'Hont et al., 2012) , to calculate the number of fragments in silico (using the package SimRAD; Lepais & Weir, 2014) , using 10% of the genome and adjusting the final number of fragments to the known genome size of Z. singapurense (2C = 5.97 pg; O. Šída et al., unpublished data) . The combination of restriction enzymes ApeKI and PstI and a size range of 275-575 bp in silico resulted in a large but manageable number of fragments (c. 200 000). Both ApeKI and PstI have been used before to build libraries in non-model plants (Karam et al., 2015; Buti et al., 2016; Kartzinel et al., 2016) , but to our knowledge they have not been combined previously for use in ddRAD methods. We avoided keeping short fragments to reduce problems with overlapping paired-end reads.
We used the ddRAD method as outlined by Peterson et al. (2012) without streptavidin bead removal with minor modifications as follows. We used 100 ng of DNA per sample, and size selection was performed with SeraMag magnetic carboxylate-modified microparticles (Thermo Scientific, Singapore) diluted to 5%. Bead selection size range was tested with a DNA-ladder on agarose gel. We used standard Illumina indexing barcodes 1-2 and adapters and PCR primers (Integrated DNA Technologies, Singapore) outlined by Peterson et al. (2012) . The PCR was conducted in 40-μL reactions with 1 μL Phusion High-Fidelity DNA polymerase (New England NEBiolabs, Singapore), cycled for 12 cycles with an annealing temperature of 64 °C.
The library was sent for pooling and Illumina HiSeq 2000 sequencing using V4 reagents at AITBiotech (Singapore). All sequences were filtered to remove low-quality reads using process_radtags in Stacks (Catchen et al., 2013) . Reads with a Phred score of < 10 were discarded, giving a minimum confidence of 90% for base calls using a sliding window of 15% of the length of the sequence (i.e. the average Phred score was counted for each 15% portion of the sequence). Only full-length sequences (95 bases after trimming barcodes, with Phred score 10 or higher throughout sliding windows) were retained, as the pipeline did not allow the automatic handling of truncated sequences. We de-multiplexed the resulting sequences with Stacks. We also used Stacks for de novo sequence assembly, SNP discovery and filtering of sequences. We allowed for two base differences between homologues. We retained only sequences with a minimum depth of 15 stacks. We did not filter out any sequences due to excess heterozygosity or low allele frequency. Only a single (randomly selected) SNP with two alleles each was used per recovered fragment to maximize independence of the markers. Henceforth we refer to these markers as 'independent SNPs'.
We acquired deep sequence coverage and substantial fragment numbers. Before samples from clonal plants were concatenated, and when all hybrids and Z. puberulum were included, mean sequence coverage was 52 (SD 172), and 7428 independent SNPs were found in all samples.
Manual data exploration was done by comparing sequence similarity between reads from samples in Microsoft Excel by measuring pairwise percentage similarities between homozygous loci between two samples (providing a manual confirmation of parentage analyses using an exclusion-based method) and between heterozygous loci and all loci (useful for identifying clonal individuals and non-parental relatioships; Appendix 1).
Hybrids were identified by inferring population differentiation using three different methods. We used STRUCTURE (Pritchard, Stephens & Donnelly, 2000) with 1000 randomly selected independent SNPs in a single iteration, a burn-in of 10 000 followed by 100 000 Markov chain Monte Carlo (MCMC) repetitions and K = 2 and FastSTRUCTURE (Raj, Stephens & Pritchard, 2014 ) using all available independent SNPs with K = 2. An introgression test (ABBA/BABA) was carried out to test the hybrid origin of samples that could not be assigned to populations corresponding to the two species. We used the approach reported and Zinenko et al. (2016) . We used a single sample of Hornstedtia scyphifera Steud. as an outgroup population (P4), as we did not have data for a more closely related species. Three samples of both Z. singapurense and Z. puberulum were used as suspected parent populations (P1 and P3), and both available samples of the suspected hybrid as an introgression test population (P2). A positive result (0-1) suggests that P2 is more closely associated with P3 than is P1, whereas a negative result (−1 to 0) suggests that P1 is closer to P3. Non-significant results (not differentiable from 0) suggest that P1 and P2 are equally distant to P3. A negative control analysis was run with the hybrids replaced with three samples of Z. singapurense. Only 123 variable loci were shared with the outgroup when no missing data was allowed, of which only one locus was variable between but fixed in Z. singapurense and Z. puberulum. Therefore, missing data were allowed for one individual for each locus retrieved. This resulted in > 10 000 markers for both the actual analysis and the negative control. The number of separate hybridization events was confirmed by comparing pairwise percentage similarity of heterozygous loci between sequences retrieved from samples. Hybrid samples and samples of Z. puberulum were removed from subsequent analyses. After the removal of hybrids and Z. puberulum, 4856 SNPs from 45 samples of pure Z. singapurense were retained.
Clonal individuals were initially identified using COLONY (Jones & Wang, 2010; Wang, 2016) , using all available independent SNPs that were read in sequences retrieved from all samples. COLONY ran ten times on 'long' length, using full likelihood mode and high precision, and allowing a 5% error rate and no typing errors in the input. The results were checked manually by comparing relative pairwise percentage similarities in heterozygous loci before and after the inferred clones had been combined into a consensus sequence. After clonal individuals were identified, we concatenated the sequences from separate samples to respective clones (1-5 samples per clone, mean 3.462), and another de novo assembly was made. The final mean sequence coverage was 123 (SD 474), and 12 170 independent SPNs were found in all clones.
We conducted a parentage analysis with COLONY using the same settings used for identification of clonal individuals. We confirmed the results using an exclusion-based analysis (a pairwise percentage similarity in loci that were homozygous in both clones; see Jones & Ardren, 2003) , as well as by comparing pairwise percentage similarity in rare alleles (alleles that were not found in any clones other than the pair) to expected similarities under Mendelian inheritance. The Fst fixation index values between populations (Wright, 1951) , calculated in Stacks, showed low levels of population differentiationF st values between geographically defined subpopulations with more than one clone were determined with Stacks, using P-value correction with P-value set at 5%.
We conducted a STRUCTURE analysis to discover the best number of genetic clusters, or K value (Evanno, Regnaut & Goudet, 2005) . We ran STRUCTURE with K values ranging from 1 to the number of populations plus 3 (1-8), using 20 iterations with a burn-in of 10 000 followed by 10 000 MCMC repetitions and 1000 independent, randomly whitelisted SNPs. After this, we calculated the mean L(K) and the standard deviation from it for each K value. We also calculated ΔK for K = 2-8.
RESULTS
The number of chromosomes in Z. singapurense is 2n = c. 22. Due to the low number of replicates and imperfect spread, the exact number and shape of chromosomes could not be determined unambiquously. Various chromosome numbers are known from cultivated species of Zingiber Mill., but 2n = 22 is the only chromosome count so far recorded in wild populations in the genus (reviewed by Ravindran & Nirmal Babu, 2016) . The base chromosome number is therefore considered to be 1x = 11 in Zingiber, and we consider Z. singapurense to be diploid.
COLONY identified 18 clones, with some clonal individuals in each colony. Six colonies were identified to consist of a single clone (probability 1: SNG-179, SNG180b, SNG-256, SNG-257, SNG-263 and SNG-378), and six colonies of two clones (probability 1: SNG-178, SNG-180, SNG-291, SNG-325, SNG-347 and SNG-367).
Our manual data exploration suggested a higher level of clonality than identified by COLONY (Supporting Information, Appendix S1), and we suspected that COLONY output suffered from type II error (it did not identify all clonal individuals as such). There was a clear distinction between what we consider clonal and non-clonal samples, as samples had > 90% similarity at heterozygous loci (Fig. 2) , whereas the highest similarity between two nonclonal samples was < 50%, and manual comparison therefore provided reliable identification of clonal individuals, despite a low level of reading error or PCR bias. We therefore conclude that, with one exception, each colony consisted of a single clone only. The only exception was one colony in Lornie (SNG-367) with two clones. The total number of genetically distinct individuals was therefore 13 individuals in 12 colonies (Table 2) .
Data exploration showed that there was little variation in heterozygosity between clones. The clone with the lowest observed homozygosity (23.8%) differed only marginally from the mean (24.7%).
In addition, the population had many more rare than common minor alleles, and the number of heterozygotes nearly exactly followed the allelic frequency predicted by Hardy-Weinberg equilibrium (Appendix S2), which suggests that the alleles are well mixed (i.e. they originate from sexual reproduction without observable barriers to gamete exchange), and there is no reason to suspect extensive inbreeding or the presence of cryptic species. With this combination of near-panmixis and homogeneous heterozygosity, we ruled out an autogamous origin for any of the individuals tested. COLONY pedigree analysis identified one possible parent/offspring pair with 95% confidence, and identified the same pair as half-siblings. The number of mismatches in loci that were homozygous in both samples was relatively high (333; mean in all pairs 721, SD 117; Appendix S3), indicating strongly that they were not parent and offspring. are physically close to each other (52 m distance), so it is not surprising that they are related. We consider them siblings, but the analysis would have benefitted from a comparison with known parent-offspring pairs, siblings and half-siblings. Such samples are not currently available, but we plan to create them in the future.
For an estimate of effective population size we conducted a second COLONY analysis, this time forcing SNG180b and SNG-256 as full siblings. We acquired three estimates of effective population sizes (N e ) for the species from COLONY, two based on a full likelihood method (two values, assuming random and non-random mating) and one by using heterozygote excess. The heterozygote excess method gave an obviously inaccurate number (c. two billion), but the two full likelihood methods suggested N e of 156 and 143 individuals, respectively (rounded mean: 150) . This estimate appears to be biologically feasible and, given the known number of extant clones and near-complete lack of observed parent-offspring or sibling pairs among surviving individuals, this number appears to be a good minimum estimate of the effective genetic neighbourhood.
The only three subpopulations with more than one clone were Shinto (five clones/colonies), MacRitchie (four clones/colonies) and Lornie (two clones in one colony). The F st values between them showed low levels of population differentiation (Table 1) .
The STRUCTURE analysis showed no obvious population differentiation. STRUCTURE plots for K = 2 (and K = 3) showed that no individuals could be assigned to one of the two populations (Fig. 3) . K = 1 agrees with the low F st values observed (Table 1) as well as the proportion of heterozygotes and homozygotes that appear to be in Hardy-Weinberg equilibrium (Appendix S2). The highest mean L(K) with the lowest standard deviation for this species was K = 2, marginally higher than K = 1. The standard deviation was particularly high at K > 2 and increased substantially until K = 4 (Appendix S4). The value of ΔK was highest for K = 2, but it cannot be calculated for K = 1 (Evanno et al., 2005) . Given these circumstances, we are confident that the best K value is 1. Therefore, we did not conduct longer runs at any value of K. In STRUCTURE plots that included both hybrid individuals and samples of Z. puberulum, samples of Z. puberulum and Z. singapurense were assigned to separate populations. Suspected hybrid individuals stood out from the dataset as they could not be assigned to either of the two populations (Fig. 4) .
The ABBA/BABA test gave a positive result of introgression (d = 0.455, SD 0.325) when the suspected hybrid individuals identified by STRUCTURE were used as the test population (P2) and was compared to individuals from the Z. singapurense population (P1). However, even a negative control, in which P1 and P2 were all individuals of Z. singapurense, gave a result different from 0 (d = −0.354, SD 0.302). No gene flow between Z. singapurense and Z. puberulum is visible in the STRUCTURE plots, and a close inspection of the ABBA/BABA dataset revealed no indication of elevated gene flow between individuals assigned to P1 and P3 as the test results indicated. It seems likely that the test suffered from a too distantly related outgroup, for which only a few sequences were available, which probably affected tree construction in the analysis. The high standard deviation in both datasets suggests that the test was not particularly robust. The ABBA/BABA test was initially designed to look at introgression at the population level, and more work is needed to establish its universal ability to detect individual hybridization events, even though the method we used facilitates this (Zinenko et al., 2016) .
Given the unambiguous results of the STRUCTURE analyses, and a d-value similar to that expected from Figure 4 . Output of the hybridization analyses. In both STRUCTURE plots, hybrid samples (one in MacRitchie and three in Shinto) share half of their genotype with each parent. In the adegenet scatterplot, hybrid samples are indicated. A, STRUCTURE plot (K = 2), using 1000 whitelisted SNPs; B, fastSTRUCTURE plot (K = 2) using all (7428) independent SNPs. F1 hybrids (0.5), we consider the unassigned samples to be of hybrid origin. The samples came from two colonies. One grows mixed with Z. singapurense (mixed colony SNG-256) and one forms a hybrid-only colony . Zingiber puberulum grows immediately adjacent to both hybrids. All hybrids had green leaves and were similar to Z. singapurense in overall habit, although with slightly broader leaves. Their leaf sheaths were pubescent along their entire length (in Z. singapurense they are mostly glabrous, although a few hairs may be present near the pulvinus), a character that they have inherited from Z. puberulum (Fig. 5) . This clear character can be reliably used to identify at least F1 hybrid individuals in the future based on morphology alone. Both hybrids appear to be F1 hybrids, as they share half of their genome with each parent, and there appears to be no further introgression between the two species.
Three hybrid samples collected from SNG-256 were nearly identical in sequence similarity (a minimum Figure 5 . Morphological evidence of hybridization. A-B, Zingiber singapurense is a small forest herb (<1 m high) with arching stems and narrow leaves. The leaf sheath is mostly glabrous, sometimes with a few hairs near the pulvinus; C-D, Zingiber singapurense × Z. puberulum is similar to Z. singapurense in general appearance, but has hairs along the entire leaf sheath. E-F, Zingiber puberulum is a robust species (> 1.5 m high) with broad leaves and leaf sheaths thickly covered in a pubescent indumentum. Photographs: A-B, D, F, Jana Leong-Škorničková; C, E, Matti Niissalo. of 99.8% pairwise sequence similarity, even when heterozygous and homozygous markers were tested separately), and are probably clonal. They agree with the second hybrid (SNG-350) at 77.4-78.0% of variable loci, depending on the markers checked.
COLONY pedigree analysis is not designed for hybrids, and we did not test it for identifying the parents of hybrid plants. We did, however, compare the percentage similarity of hybrid individuals to SNPs from single samples of each clone of Z. singapurense (Appendix S5). The hybrid plant in SNG-256 did not have unusually high similarity with any sample of Z. singapurense, and none of them is likely to be its parent. The hybrid in SNG-350 was much more similar to reads from samples in the nearby SNG-179 than to reads from any other sample, differing from it in 65 SNPs that were homozygous in both samples (1.6% of loci). This number was somewhat higher than expected, but the genome size of Z. puberulum is not known, and a large difference in genome sizes could introduce bias to alleles observed. We investigated which of the parent species was the mother of the hybrids by mapping plastid regions against a published plastid genome for Zingiberales, but only a few highly conserved genes could be mapped to the genome of Musa acuminata (Martin et al., 2013) . Some variable loci suggested that Z. singapurense is the maternal parent of both hybrids, but the evidence is not strong enough to be conclusive.
DISCUSSION
The genetic structure of the population and genome sizes indicate that Z. singapurense is a sexually mixing, diploid species which forms large clonal clumps through vegetative spread. We observed low F st values and a lack of structure in STRUCTURE plots. This, along with high heterozygosity and a large number of rare alleles, suggests that the population of Z. singapurense is in near panmixis, without any indication of population differentiation. In the absence of a pedigree analysis, the only alarming population measure is the low number of individuals. This is superficially encouraging, suggesting that the species may not have suffered ill effects due to habitat fragmentation or small population size.
The pedigree analysis, however, revealed much reason for alarm. The entire population of this species consists almost completely of unrelated individuals, which is strong support for a significant decrease in population size in one generation, as no noticeable sexual reproduction has occurred since this reduction. This suggests that the individuals now alive survived the loss of habitat between 1820 and the 1940s (Corlett, 1992) . Therefore, the lack of population differentiation does not suggest that the species is immune to the effects of population fragmentation, but that despite being a small herb, the plant has a long lifespan and long generation time, and any reduction in genetic diversity has not had a chance to occur. Long generation time has been used to explain the lack of genetic structure in relic populations of trees (Finger et al., 2014) ; in Singapore, long generation time also at least partially explains the low genetic differentiation in the canopy tree Koompassia malaccensis Maingay (Fabaceae) (Noreen et al., 2016) , but it is surprising in a small, superficially delicate herb. Similar problems in other species are likely to remain undetected in population genetics studies due to the absence of a pedigree study, especially when no obvious offspring generation is sampled.
Pedigree analyses have long been used for conservation of animals in ex situ conservation (e.g. Hendrick & Miller, 1992; Zemanová et al., 2015; Jiménes-Mena et al., 2016) , but they have so far been under-utilized in rare plants, beyond the identification of parents of tree seeds and seedlings when estimating gene flow and effective population size (e.g. Meagher, 2007; Noreen et al., 2016) . Our results show that pedigrees of mature plants can show surprising information that may be undetected in conventional measures of gene flow and population differentiation.
The high effective population size derived from the pedigree analysis suggests that the population of Z. singapurense was at least 150 individuals during the generation time of the extant individuals. However, realistically a sexually breeding population has an effective population size that is only c. 20% of the total (Harmon & Braude, 2010) . This value seems to be broadly accurate in all Singaporean gingers that have reproduced sexually since forest loss (our unpublished data). Therefore, it is likely that the original population of Z. singapurense exceeded 750 individuals, and a population size higher than this is the minimum needed to safeguard the existing genetic diversity of this species. The population may be viable at a smaller size. An effective population size of 50 is often considered the minimum for conservation of populations (Harmon & Braude, 2010) , and therefore a total population size of 250 individuals may be enough to conserve this species; however, it is unlikely to be large enough to conserve all of the extant genetic diversity. There are no historical collections of this species and it was probably never abundant, but it must have occupied much larger areas especially in the CCNR. The lack of collections is not surprising if most of the population was near the area now occupied by MacRitchie Reservoir, as there are hardly any early collections from this part of Singapore. MacRitchie Reservoir was gradually flooded from 1868 to the 1890s, which undoubtedly reduced the population size dramatically.
The lack of recent sexual reproduction has protected the species from the negative effects of inbreeding and differentiation amongst subpopulations. However, this may make the species susceptible to inbreeding in the future: the extant population has not had an opportunity to go through genetic purging, and the large number of rare alleles observed suggests that many harmful alleles may be present in the population (Crnokrak & Barrett, 2002) .
The underlying reasons behind the lack of sexual reproduction in Z. singapurense remain unknown and require further study. Despite the long life of the plants, it seems highly unlikely that the natural rate of sexual reproduction would be as low as we have observed (i.e. no evidence of sexual reproduction for more than a century). We offer three possible hypotheses for lack of sexual reproduction: the remaining habitat may be unsuitable for seedling growth; the population may now be too small for spontaneous cross-pollination to occur; or the most likely pollinator of the species has been lost from Singapore, or has become rare. The only individual that has a surviving parent, and which might therefore post-date habitat fragmentation, is a hybrid (SNG-350, probably an offspring of SNG-179), and was probably mothered by Z. singapurense. This might suggest that the pollinators are unlikely to move pollen between plants of Z. singapurense, which is best explained by the two latter hypotheses. Flower visitation to this species needs to be monitored, and planting trials are needed to establish the ecological requirements of Z. singapurense.
Little is known about reproduction in this species. It has been recorded in flower only rarely, and seed set has not been observed (which lends support to the above hypothesis that the species suffers from pollinator delimitation). This makes observation of pollinator and dispersal agents difficult. All the known pollinators in Zingiber are bees (Theilade, 1996; Fan, Kress & Li, 2015 ; JL-Š, personal observation), but vegetative reproduction is better documented. Our study species is clump-forming with compact rhizomes, never forming long stolons. Vegetative spread is effected via plantlets that forms on old leafy stems. This is probably the form of reproduction that has given rise to the extant colonies, covering areas up to 90 m 2 (mean c. 35 m 2 ). The current total population size of Z. singapurense is not sustainable in the long term. Even the largest subpopulation has only five clones, and if sexual reproduction is not controlled, the next generation of the species is likely to have a much higher rate of inbreeding than that historically observed, and a number of many historically rare alleles, including some harmful ones, are likely to become more abundant. It has been proposed that genetic purging could be induced artificially through breeding, in order to free a species from genetic load (harmful or lethal alleles), but if genetic load is mainly due to harmful rather than lethal alleles, this may further increase the risk of extinction (Henrick, 1994 , Caballero, Bravo & Wang, 2017 .
The best hope for the long-term conservation of this species lies in a controlled breeding programme, aimed at hybridizing extant individuals in diverse combinations. The resulting offspring may be reintroduced to the forest, especially to old-growth secondary forests to which the species has not yet returned naturally. Each of the surviving clones of this species should also be protected ex situ (all clones are already present at SBG), as the total population is likely to diminish in the future due to stochastic events (especially canopy openings due to tree-falls and, potentially, an increasing number of wild boars in CCNR) and, given the attractive flowers and high profile status of the species locally, from poaching. Mass propagation of the species to satisfy the horticulture market in the near future may address the issue of poaching.
Only two hybridization events were observed between Z. puberulum and Z. singapurense, both probably first-generation hybrids. Because hybridization is so rare the management of hybrid individuals appears inconsequential to the survival of the species. However, it is not known if hybridization is likely to become more common as a result of the lack of sexual breeding between individuals of Z. singapurense. As there are only two hybrid clones, they could be easily removed from the subpopulations. Currently the hybrids do not present a threat towards the adult population. Allendorf et al. (2001) state that removal of non-introgressing hybrid offspring might have some conservation benefit due to increased allocation of resources to 'pure' offspring. It is difficult to argue against the removal of the plants, even if the conservation effect is likely to be mostly theoretical. The situation should be observed and, if further introgression is seen to occur, it is probably best to remove the hybrids, although they could be preserved in cultivation.
Overall, our study provides answers to some of the most pressing questions that have so far affected the conservation planning for Z. singapurense. In particular, we show the value of pedigree analyses in small, mixed-generation populations in plants, which to our knowledge have not been used in plant conservation planning previously. This is the first conservation genetics study on a globally critically endangered plant using ddRADderived SNPs, or any RADseq-derived genetic markers, and the first time that pedigree analyses in a mixed-generation population have been used to advise ex situ conservation programmes on plants. The results show great promise for use of ddRAD sequencing in conservation programmes for species with small populations. As Peterson et al. (2012) suggested, ddRAD has clear advantages over the most commonly used population genetics markers (microsatellites), and these benefits are particularly obvious in studies on small populations: finding and testing microsatellites specifically for small populations is unrealistic due to the high time commitment required, whereas ddRAD requires little project-specific modification.
The existing programmes for identifying clonal individuals are not adequate for SNP data, probably due to relatively variable reading error rates. However, manual data exploration (Appendix S1) showed a clear distinction between reads from clonal and non-clonal samples, especially when heterozygous SNPs were compared: in non-clonal samples, the similarity between loci was always < 50%, whereas in clonal samples it was always > 90%. The comparison of heterozygous loci could easily be automated, but it is also easily conducted manually, and manual exploration allows more flexibility for the SNP file format. Indeed, the initial data exploration would have been adequate for identifying clonal plants on its own, at least in this case. This type of data comparison may be a useful tool for identification of clonal plants in other projects using SNPs, but caution should be taken when using it in populations with extremely low heterozygosity resulting from inbreeding or asexual reproduction (populations that are always clones).
We have previously identified high species diversity in Singaporean herbs, many of which are present in small populations (Niissalo et al., 2017) . It is possible that many of the rare species have similarly long generation times to Z. singapurense, which could explain low extinction rates in Singapore. More research is needed to understand the situation fully, but the current study adds to our suspicion that the extant plant diversity of Singapore requires extensive management to survive in the long term. No doubt similar patterns could be observed in other fragmented forests with high species diversity.
CONSERVATION ACTION
Zingiber singapurense has become a conservation focus at the Singapore Botanic Gardens under the Species Recovery Programme (SRP) deployed by the National Parks Board in Singapore. These results will be used to guide the conservation interventions for this species. We recommend taking the following steps to ensure effective conservation of this species:
• Monitor existing subpopulations for habitat quality, hybrids and pollinators.
• If a pollinator is identified and the species appears to be pollinator-limited, consider conservation action for the pollinator. 
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